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The fast neutron reactor BOR-60 is one of the key experimental facilities worldwide to
perform large-scale tests of fuel, absorbing, and structural materials for advanced reactors.
The BOR-60 reactor was put into operation in December 1969, and by the end of 2014 it had
been operating on power for ~265,000 hours. BOR-60 still demonstrates potential capabilities
to extend the lifetime of sodium-cooled fast reactors. The BOR-60 lifetime should have
expired at the end of 2014. Over the past few years, a great scope ofwork has been performed
to justify the possibility of extending its lifetime. The work included inspection of the
equipment conditions, calculations and experimental research onoperating parameters and
the conditions of nonremovable components, investigation of the structural material sam-
ples after their long-term operation under irradiation, etc. Based on the results of the work
performed, the residual lifetime was evaluated and the reactor operator made a decision to
extend the lifetime period of the BOR-60 reactor. After considering both a set of documents
about the reactor conditions and the positive decision of independent experts, the Regula-
tory Authority of the Russian Federation extended the BOR-60 operating license up to 2020.
Copyright © 2015, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society.1. Introduction
The experimental fast sodium-cooled reactor BOR-60 was
constructed to master technologies and to test fuels and ma-
terials for large fast sodium-cooled reactors [1]. The reactor
was put into operation in December 1969 and by 2014 has been
operating on power for ~265,000 hours.
The schematic diagram of the BOR-60 reactor is given in
Fig. 1. The BOR-60 reactor is cooled by two loops: sodium is theutov).
d under the terms of the
ich permits unrestricted
cited.
sevier Korea LLC on behaprimary and secondary coolant, and the third water-steam
circuit is equippedwith a turbine generator and a heating unit.
The main technical parameters of the BOR-60 rector are
presented in Table 1.
BOR-60 was designed to be under operation for 20 years
since its start-up. However, the experience in reactor equip-
ment operation as well as experimental results on structural
materials behavior obtained both at the BOR-60 reactor and at
other fast sodium-cooled reactors gave grounds for furtherCreative Commons Attribution Non-Commercial License (http://
non-commercial use, distribution, and reproduction in any me-
lf of Korean Nuclear Society.
Fig. 1 e BOR-60 reactor schematic diagram. 1, reactor; 2, 5, 7, 11, primary and secondary pumps; 3, 10, intermediate heat
exchangers; 4, 8, steam generators; 6, air heat exchanger; 9, turbine; 12, heating unit.
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 2 5 3e2 5 9254extension of the reactor operation. Since 1988, the reactor
lifetime has been gradually extended to 30 years, then to 40
years and 45 years. Most recently, in 2014 the BOR-60 opera-
tion was prolonged up to 2020.
The extension of the BOR-60 reactor operation was done in
full compliance with the Russian Federation Regulations,
which specify the main criteria and requirements for the safe
extension of a nuclear facility's lifetime [1]. It should be noted
that these norms meet the IAEA requirements [2] Ageing
Management for Research Reactors.2. State evaluation and safety justification of
the rector components subjected to irradiation
The BOR-60 reactor vertical cross-section is presented in Fig. 2.
To specify the conditions of the reactor components oper-
ation, additional calculationsandexperimentswerecarriedoutTable 1 e Main technical parameters of the BOR-60
reactor.
Nominal thermal power, MW  60
Nominal electrical power, MW 12
Neutron flux density, n/сm2/s1  3.6  1015
Primary and secondary coolant Sodium
Third circuit coolant Water/steam
Sodium flow rate, m3/h  1100
Maximum sodium temperature, С:
- inlet 310e340
- outlet  530
Sodium velocity in the core, m/s  8
Sodium flow rate in two secondary loops, m3/h ~1400
Steam pressure in the third circuit, МPа 10
Overheated steam temperature, С  480
Micro-run, d  90
Shutdown between micro-runs, d 7e45as follows. (1) Investigations of the neutron flux density distri-
bution and damage dose accumulation rate in the core and
outsideof itwereperformed toverify thecalculationmodels for
the MCU (Monte Carlo code) code [3]. The work resulted in a
decrease of the calculation errors to ~10% and more precise
data on neutron fluence and damage doses in various reactor
components as of the2014 end.A forecastwasmadeup to 2020.
(2) Heat rate was calculated in the reactor nonremovable
components. The heat rate was calculated using a technique
which allows the delayed gamma-radiation emitted from the
nuclear fuel fission products to be considered [4]. (3) Coolant
temperatures were measured at different elevations above the
core at different powers, and additional calculations of the in-
ternal temperature were performed to be used in the strength
calculations. (5) Based on the maximal values of the material
damage under operation, as well as the impossibility of
removal or repair, nine critical units of the BOR-60 reactorwere
defined.
Table 2 presents the critical BOR-60 units along with their
temperature ranges (C), fast neutron fluences with energy
Е > 0.1MeV (F0.1), damage doses as of December 2014, and
the forecast up to the end of 2020 for each critical BOR-60
unit.
The basic BOR-60 structuralmaterials, including the vessel,
internals, equipment, and primary and secondary pipelines
are austenitic stainless steels 1Х18Н9 and 0Х18Н10Т (analo-
gous to steels 347 and 321). As can be seen from Table 2, the
highest damage dose value is observed for the lower biological
shielding plates of the large rotating plugs (LRP) and small
rotating plugs (SRP). The SRP and LRP biological shields are
located above the core and consist of 16 plates fastened to
each other and pinned to the rotating plugs. The pins are
operated under axial tension, intensive reactor emission,
temperature gradients, and cycling related to the reactor
shutdown and start-up. They are also affected by the lower
plates swelling under the neutron irradiation. Therefore,
1. Inlet sleeve 
2. Pressure header (low pressure chamber) 
3. Pressure header (high pressure chamber) 
4. Thermal and neutron shields of the reactor vessel 
5. Safety jacket 
6. Outlet sleeve 
7. Support flange 
8. Upper support flange 
9. Large rotating plug (LRP) 
10. Small rotating plug (SRP) 
11. Reloading channel 
12. LRP and SRP biological shielding plates 
13. Core 
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Fig. 2 e BOR-60 vertical cross-section.
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 2 5 3e2 5 9 255while performing justifying calculations of the critical units
strength, special focus was given on the integrity of the SRP
and LRP biological shielding.
Since the replacement of the rotating plugs and their bio-
logical shielding is very complicated and laborious, these
units are classified as irremovable. To obtain experimental
data on the state of the material of the biological shielding
plates and pins, a fragment was remotely cut off from the
automatic control rod guide tube (Ø 48 mm  2 mm, steel
0Х18Н10Т) with the use of purposely developed tools. TheTable 2 e Fast neutron fluences energy Е > 0.1MeV (F0.1) and
Components Temperature (C) D
F0.1, сМ
Basket 200e515 5.0  10
Vessel 200e400 2.5  10
Jacket 200e350 2.0  10
Collector 200e360 4.3  10
Pins of SRP plates 200e515 6.3  10
Pins of LRP plates 200e515 4.4  10
Outlet sleeve 200e515 2.5  10
Inlet sleeve 200e360 9.2  10
Reactor support 50e250 6.9  10automatic control rod guide tube was located near the lower
plates of the SRP biological shielding. The guide tube has
operated in the reactor since its start-up in 1969 up to the
middle of 2008. It was operated for ~217,000 hours at tem-
peratures ~500e520С (the reactor being operated at full
power) and for ~120,000 hours at temperatures ~200e270С
(the reactor being shut down). Its fast neutron fluence made
up 5.7  1022, and the damage dose achieved 21.5 dpa.
The metallography of the material samples showed
changes in the steel structure caused by thermal ageing of thedamage doses (D) in BOR-60 units.
ecember 2014 December 2020 (forecast)
2 D, dpa F0.1, сМ
2 D, dpa
22 16 5.9  1022 19
22 8.1 3.0  1022 9.5
22 6.4 2.3  1022 7.5
22 15 4.9  1022 17
22 23 7.2  1022 27
22 16 5.1  1022 19
21 0.9 2.9  1021 1.0
19 0.05 1.1  1020 0.06
21 2.3 8.1  1021 2.7
Fig. 3 e Microstructure of the main metal in the fragment
cut off from the automatic control rod guide tube after
operation in the BOR-60 reactor.
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 2 5 3e2 5 9256material under long-term operation (Fig. 3). The structure is
characterized by equiaxial grains and a small amount of
twins; it remained fine-grained, the average grain size being
9e10 Grade (GOST 5639-82). Darkening of the surface layers in
contact with sodium can be explained by steel carburization.
The depth of carburization evaluated by metallography was
150e160 mm on the inner side of the guide tube and
200e250 mm on its outer side. The maximal swelling of the
material, determined by hydrostatic weighing, was 1.4 ± 0.8%.
It should be noted that the swelling data correlate well with
the results obtained for steel 304SS irradiated in the EBR-II
reactor: at a fast neutron fluence ~5.7  1022, swelling does
not exceed 1.5% [5].
To justify the extension of the BOR-60 operation, the data
have been summarized on themechanical properties of steels
Х18Н9 and Х18Н10Т that were specially irradiated or used in
replaceable reactor units [wrappers, blanket fuel assemblies
(FAs), cases, the bar of the safety rod AR2 actuator [6], etc.].0
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Fig. 4 e (A) Yield point and (B) relative elongation for samplWhen irradiating steel Х18Н10Т in the temperature range
500e550С, material hardening is observed up to damage
doses of 10e12 dpa. The yield point achieves its maximum at
~450e460MPa and, as the damage dose increases up to 32 dpa,
it remains at the same level (Fig. 4A). Hardening is accompa-
nied by the worsening of the plasticity characteristics. If the
damage dose goes up to 32 dpa, a saturation level of ~1e2% is
observed for the plasticity characteristics as well (Fig. 4B).
The data obtained prove commonmechanisms of material
hardening under irradiation in the BOR-60 reactor in the
temperature range 330e520С [7].
The analysis of the material state was done for all critical
reactor units under their operating conditions. The fore-
casting estimations were done for the material behavior in
case of its operation for up to 300,000 hours. The method for
strength calculationswas revised and the static and long-term
strength was calculated with consideration of mechanical,
thermal, radiation, and cyclic stress effects for all critical
reactor units. The calculation results showed that the reli-
ability and strength criteria for all of the most stressed com-
ponents are met with account of all operational factors up to
at least the end of 2020.3. Analysis of the pipelines and sodium
circuit equipment state
In accordancewith the regulations on the operation of nuclear
facility equipment and pipelines, the state ofmaterials used at
BOR-60 is controlled by certain methods according to the pro-
gram agreed to by the regulatory authorities and design office.
The easy-to-access areas of the pipelines and equipment are
subjected to visual control. The thickness of the pipeline ma-
terial ismeasured by anultrasonicmethod and the vibration of
some equipment (circulating pumps) is measured as well.
When preparing the extension of the reactor operation for
 40 years, the state and mechanical characteristics of the
primary and secondary pipeline materials (steels 1Х18Н9 and
Х18Н10Т) were examined using destructive analysis. Pipeline
fragments were cut off either from the removed equipment or
from operating circuits when accessible and technically
possible. The main results of examination of materials oper-
ated for 35e38 years are as follows: no significant degradation
is observed, the structural changes are insignificant, the0
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es of Х18Н10Т steel irradiated in BOR-60 at 500e550С.
Table 3 e Efficiency of control rods.
Control rod Control rod efficiency, %Dk/k Difference, %
Multielement One element
SR1 1.34 1.73 29
SR2 1.46 1.67 14
SR3 1.23 1.43 16
MCR1 1.24 1.48 19
MCR2 2.01 2.40 19
ACR1 0.34 0.23 33
ACR2 0.40 0.32 18
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 2 5 3e2 5 9 257amount of nonmetal inclusions (carbides and carbonitrides) is
within the limits, corrosion damage is < 10 mm, and the plas-
ticity meets the strength requirements. The results of exam-
ination of the secondary main pipeline (Ø 325 mm  12 mm,
steel 1Х18Н9) operated for 38 years at the maximal tempera-
ture ~480С can be given as an example: the chemical
composition corresponds to thematerial certificate, nonmetal
inclusions are Grade 3 at most, the metal structure with a
grain size of Grade 6e7 has areas of large grain size of Grade
1e2 and small grain size of Grade 8e9. At a testing tempera-
ture of 20С, there is a significant increase in the ultimate
strength up to ~700MPa and relative elongation up to ~70%. At
a testing temperature of 600С, relative elongation achieves
33%, the admissible value being 22%.Fig. 5 e BOR-60 loading scheme. ACR, automatic control rod; BA
assembly; EMA, experimental material testing assembly; FA, st
rod.To justify the extension of the BOR-60 reactor operation
up to 2020, calculations of the static and cyclic strength,
long-term static and cyclic strength, resistance to brittle/
ductile damage, and maximal seismic effect were performed
for the sodium circuit equipment and pipelines using up-to-
date codes and regulatory requirements while considering
all actual and forecasted operating parameters. The calcu-
lation results are as follows: the static, long-term strength
and resistance to brittle/ductile damage are observed for all
units, the forecasted value of the accumulated fatigue
damage of the most stressed components is no higher than
0.5.
The results of operating background analysis, examination
of the technical state, and calculations of the equipment and
pipeline strength show that the sodium circuit pipelines and
equipment are in satisfactory condition and can be used for
further operation.4. Reactor safety
To provide safe operation of the BOR-60 reactor, the control
rods of the reactor were updated. Thus, safety rods and
manual control rods of multi-element design were replaced
with control rods of one-element design to increase their ef-
ficiency. Automatic control rods were also replaced with one-, radial blanket steel assemblies; EFA, experimental fuel
andard fuel assembly; MCR, manual control rod; SR, safety
Table 4 e BOR-60 reactivity effects and coefficients.
Reactivity constituents Value
Reactivity temperature coefficient, 105(Dk/k)/C  (3.5e4.5)
Reactivity power coefficient of, 105(Dk/k)/МВт  (5.5e7.3)
Sodium void reactivity effect (whole reactor), Dk  (0.05e0.06)
Sodium void reactivity effect (core), Dk  (0.02e0.022)
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 2 5 3e2 5 9258element control rods containing boron carbide of natural
composition instead of highly enriched boron carbide. This
made it possible to reduce the control rods' cost and efficiency.
Loss of efficiency provides a more flexible compensation of
the reactivity variation in automatic operation.
Table 3 presents the efficiency of the control rods: the
multielement design used earlier and the new one-element
design. The effective delayed neutron fraction makes up
~0.7%.
To test various structural materials and FAs with experi-
mental fuel rods, the core has been changed geometry in
recent years by increasing the number of standard FAs and
decreasing the number of FAs in the radial blanket (Fig. 5).
Table 4 presents the calculated reactivity effects and co-
efficients for the current geometry of the BOR-60 reactor core.
Calculation results show that all reactivity effects and co-
efficients, as well as their constituents, are negative and pro-
vide inherent safety during operation.
In addition, the BOR-60 design provides core cooling and
removes residual heat by natural circulation in the primary
and secondary sodium circuits, and transfers heat to the
environment through the air heat exchanger.
Calculation analysis was performed for design-basis and
beyond design-basis accidents, such as: unforeseen removal
of one of the control rods; gas bubbles going through the FA;
full power loss and simultaneous failure of the emergency
power supply system; primary pumps failure andmalfunction
of the emergency protection system; and failure of theFig. 6 e Temperature changes in the rector during the full pow
emergency power system. 1 e maximum cladding temperature
temperature.primary heat removal system and malfunction of the emer-
gency protection system.
The heat rate in the core components at various stages of
the accidents was calculated with the use of a previously
published technique [4], which was modified to calculate heat
rate in fuel compositions [8] and to take into account changes
in the delayed heat rate from fission products over time.
The results from the analysis of the design basis and
beyond design basis accidents show that accident conse-
quences do not result in exposure of employees and public
beyond the permissible limits.
Even in the case of a full loss of power resulting in a loss of
forced circulation in all circuits, cooling conditions at the
reactor facility are provided. Thus, the reactor safety system
rapidly actuates by the power loss signal. The electromagnetic
clutchesbeing leftwithoutpower, four control rodsare inserted
into the core by spring force: three safety rods and onemanual
control rod. Primary and secondary pumps, the feedwater
pump, and ventilators of the air heat exchanger shut down.
Natural coolant circulation occurs in the two sodium cir-
cuits and in the air circuit; this removes the decay heat. Pre-
sented in Fig. 6 are changes of maximum cladding
temperatures and sodium inlet and outlet temperatures after
the full power interruption.
Thus, reactor safety is provided during full loss of power.
Furthermore, key parameters remain within the normal
operation limits.5. Conclusion
At the end of 2014 it was 45 calendar years since the BOR-60
reactor was put into operation and it has been operating on
power for ~265,000 hours. A great scope of work has been
performed recently to justify the possibility of extending its
lifetime up to 2020, namely: (1) equipment operatinger interruption and simultaneous malfunction of the
, 2 e sodium outlet temperature, 3 e sodium inlet
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 2 5 3e2 5 9 259parameters and conditions for the whole reactor operation
period were analyzed and specified; (2) additional in-
vestigations were performed for structural material samples
cut off from the components that had been in the reactor for
30e40 years; (3) the state of the reactor equipment and sys-
tems was inspected to comply with technical specifications;
(4) using more specific characteristics and up-to-date calcu-
lation codes, strength and damageability calculations were
performed for reactor components and units as well as for
equipment and pipelines of the reactor cooling circuits; (5)
design basis and beyond design basis accidents were
analyzed; and (6) actions were taken to improve reactor reli-
ability and safety.
The work performed allowed the BOR-60 operating license
to be extended up to 2020.Conflicts of interest
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